Knowledge of the molecular mechanisms that underlie neuron death after stroke is important to allow the development of effective neuroprotective strategies. In this study, we investigated the contribution of death receptor signaling pathways to neuronal death after ischemia using in vitro and in vivo models of ischemic injury and transgenic mice that are deficient in tumor necrosis factor receptor I (TNFRI KO) or show neuron-specific overexpression of the long isoform of cellular Fas-associated death domain-like interleukin-1-␤-converting enzyme-inhibitory protein (FLIP L ). Caspase 8 was activated in brain lesions after permanent middle cerebral artery occlusion (pMCAO) and in cortical neurons subjected to glucose deprivation (GD) and was necessary for GD-induced neuron death. Thus, neurons treated with zIETD-FMK peptide or overexpressing a dominant-negative caspase 8 mutant were fully protected against GD-induced death. The presence of the neuroprotective TNFRI was necessary for selectively sustaining p50/p65NF-B activity and the expression of the p43 cleavage form of FLIP L , FLIP(p43), an endogenous inhibitor of caspase 8, in pMCAO lesions and GD-treated neurons. Moreover, TNF pretreatment further upregulated p50/p65NF-B activity and FLIP(p43) expression in neurons after GD. The knock-down of FLIP in wild-type (WT) neurons using a short hairpin RNA revealed that FLIP L is essential for TNF/TNFRI-mediated neuroprotection after GD. Furthermore, the overexpression of FLIP L was sufficient to rescue TNFRI KO neurons from GD-induced death and to enhance TNF neuroprotection in WT neurons, and neuron-specific expression of FLIP L in transgenic mice significantly reduced lesion volume after pMCAO. Our results identify a novel role for the TNFRI-NF-B-FLIP L pathway in neuroprotection after ischemia and identify potential new targets for stroke therapy.
Introduction
Brain ischemia, such as that occurring in stroke or chronic inflammatory diseases like multiple sclerosis, causes neuronal death through acute excitotoxicity and delayed death mechanisms (Dirnagl et al., 1999) . To date, clinical trials for stroke treatment have focused mainly on targeting early excitotoxic events by blocking NMDA glutamate receptors and calcium channels, but the toxic side effects of the reagents used have prohibited their use in therapy (Lee et al., 2000) . Promising results have come from preclinical studies using anti-apoptosis reagents that significantly limit expansion of the lesion beyond the necrotic core. Overexpression of anti-apoptotic proteins such as Bcl-2 in neurons (Martinou et al., 1994) , administration of neutralizing antibodies to Fas ligand (Martin-Villalba et al., 2001) , and inhibition of the c-Jun N-terminal protein kinase (JNK) pathway with cell-penetrating peptides (Borsello et al., 2003) have conferred neuroprotection in experimental models of ischemia. Currently, targeting of apoptosis signaling pathways offers the most promising framework for the rational design of neuroprotective therapeutics for ischemia.
Death receptors (DRs) of the tumor necrosis factor receptor (TNFR) superfamily trigger apoptosis through caspase 8. After ligand binding, caspase 8 is recruited to oligomerized DRs in a membrane-bound death-inducing signaling complex (DISC). Homodimers of caspase 8 autoprocess to form active caspase 8, which cleaves caspase 3 to initiate apoptosis (Peter and Krammer, 2003) and can further amplify apoptosis signals by cleaving Bid to form jBid or tBid and thereby cross-talking to the JNK pathway and the mitochondria-mediated apoptosis pathway, respectively (Li et al., 1998; Deng et al., 2003) . Unlike the other DRs, TNFRI mainly signals cell activation and proliferation and actively blocks apoptosis by upregulating nuclear factor B (NF-B) activity and the expression of NF-B-inducible anti-apoptotic pro-teins such as the cIAPs (cellular inhibitors of apoptosis), cellular Fas-associated death domain-like interleukin-1-␤-converting enzyme-inhibitory protein (FLIP), TNFR-associated factor 1 (TRAF1), and TRAF2 (Karin and Lin, 2002) . FLIP is a specific inhibitor of caspase 8-mediated apoptosis (Tschopp et al., 1998; Peter and Krammer, 2003) . It is expressed as short (FLIP S ) and long (FLIP L ) isoforms, both of which inhibit procaspase 8 recruitment to the DISC and formation of active caspase 8 (Krueger et al., 2001) , whereas FLIP L and its DISC-associated p43 cleavage form FLIP(p43) can also induce NF-B activity (Hu et al., 2000; Kataoka and Tschopp, 2004) .
Genetic studies in mice have clearly demonstrated essential roles of TNFRI and NF-B in limiting infarct progression after ischemic injury and excitotoxicity in vivo (Bruce et al., 1996; Kaltschmidt et al., 1999) , and biochemical studies in hippocampal neurons have revealed that excitotoxic stimuli trigger the TN-FRI signaling cascade (Shinoda et al., 2003) . However, it is unclear whether DR signaling pathways can be functional in neurons. In this study, we have used mice deficient in TNFRI and neuron-specific FLIP L transgenic mice, combined with in vitro and in vivo models of ischemia, to show that caspase 8 is a critical mediator of glucose deprivation (GD)-induced neuron death. Furthermore, we identify a novel role for FLIP L as a downstream mediator of TNF/TNFRI neuroprotection after GD and permanent middle cerebral artery occlusion (pMCAO).
Materials and Methods
Mice. Mice deficient in TNFRI (TNFRI KO) have been described previously (Rothe et al., 1993) and were backcrossed for 12 generations into the C57BL/6 background. For the generation of TgNFL-FLIP L mice, the cDNA encoding for murine FLIP L was cloned downstream of a 1.7 kb 5Ј flanking sequence of the murine neurofilament gene (NFL) that confers neuron-specific expression of heterologous genes (Ivanov and Brown, 1992) . Enhanced green fluorescent protein (eGFP) fused to the internal ribosome entry site (IRES) (Clontech, Basingstoke, UK) was cloned downstream of FLIP L to provide an independent protein marker and facilitate screening of the transgenic founders and progeny. Six independent C57BL/6 transgenic lines were produced that expressed both FLIP L and eGFP. Male TNFRI KO and TgNFL-FLIP L mice and wild-type (WT) control littermates, weighing at least 30 g and aged between 3 and 4 months, were used for all ischemia procedures. GFP transgenic mice [TgN(act-EGFP)OsbC14-Y01-FM131] were donated by Masaru Okabe (Osaka University, Osaka, Japan). For neuron cultures, WT and TNFRI KO embryonic day 15 (E15) embryos were used. Animals were bred and maintained under specific pathogen-free conditions in the Experimental Animal Facility of the Hellenic Pasteur Institute. All animal procedures were approved by institutional review boards and national authorities and conformed to European Union guidelines.
Total RNA isolation and reverse transcription-PCR. Total RNA was extracted with TRIzol (Invitrogen, Paisley, UK) according to the manufacturer's instructions. DNase-treated (Promega, Southampton, UK) RNA was reverse transcribed with M-MLV Reverse Transcriptase (Promega) and random hexamers (Roche Diagnostics, Mannheim, Germany). The NFL-FLIP L -IRESeGFP transgene was amplified using the following primers on the GFP gene: forward, 5Ј-TGA ACC GCA TCG AGC TGA AGG C-3Ј; and reverse, 5Ј-TCC AGC AGG ACC ATG TGA TCG C-3Ј. Mouse ␤-actin was amplified as a loading control.
Primary neuronal cultures. Dissociated neocortical cell cultures were prepared from E15 WT and TNFRI KO mice as described previously (Nicole et al., 2001) . Cells were plated onto poly-D-lysine/laminin (Sigma-Aldrich, Steinheim, Germany)-coated dishes at 400,000 cells/ cm 2 for protein analyses and cell viability and at 200,000 cells/cm 2 for immunohistochemical analysis. Cells were maintained in DMEM supplemented with 4.5 g/L glucose (Sigma-Aldrich), 5% FBS (Biochrom, Grundau, Germany), 5% horse serum (Invitrogen) and 2 mM glutamine (Invitrogen). After 3 d in vitro (DIV3), 10 M ara-C (Sigma-Aldrich) was added to the medium to inhibit the proliferation of non-neuronal cells. All experiments were performed on DIV7, in cultures containing Ͻ5% astrocytes, as determined by GFAP immunocytochemistry.
GD, oxygen-glucose deprivation, and experimental treatments. GD of neuron cultures was performed as described previously (Cheng et al., 1994) with minor modifications. Briefly, the maintenance medium was replaced by Locke's buffer containing the noncompetitive NMDA antagonist MK-801 (1 M; Sigma-Aldrich) to block secondary activation of NMDA receptors. Oxygen-glucose deprivation (OGD) was performed as described previously (Culmsee et al., 2003; Zhang et al., 2003) . Briefly, glucose-free Locke's or Earle's balanced salt solutions were degassed by a mixture of N 2 /CO 2 (95%/5%) for 1 h before adding to neuronal cells. Cultures were then placed in an anaerobic chamber (N 2 95%/CO 2 5%) and incubated for 3 h. Control cultures were incubated in the same buffers with glucose in a normoxic incubator for the same period. After 3 h, OGD was terminated by returning to normal culture conditions, and viability was assessed 24 h after reperfusion. Human recombinant TNF (R & D Systems, Wiesbaden-Nordenstadt, Germany) was added to cultures 24 h before the onset of deprivation and was also included in the deprivation buffer. The caspase 8 inhibitor, zIETD-FMK (Merck Biosciences, Nottingham, UK) was added to cultures 30 min before deprivation and was included at the same concentrations in the deprivation medium.
Assessment of neuronal survival. Neuron survival was quantified by methods described previously (Cheng et al., 1994; Bruce et al., 1996) . Trypan blue staining was used to assess neuronal survival at various time points after the onset of GD. Neurons were stained with 0.4% trypan blue dye solution (Sigma-Aldrich) and were considered viable if they excluded the dye and nonviable if they stained blue. Cells were counted in 10 different fields per well, in at least three separate cultures per treatment condition, by phase-contrast microscopy (40ϫ objective). Experiments were repeated at least three times. Cell death was also visualized by staining the neuronal nuclei with the DNA-binding fluorochrome Hoechst 33258 (Sigma-Aldrich) according to standard protocols as described previously (Culmsee et al., 2003) . Measurement of lactate dehydrogenase (LDH) released from damaged neurons into the culture medium was performed as described previously (Koh and Choi, 1987) , and culture medium of untreated neurons was used for normalization. Measurement of ATP levels was performed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to the manufacturer's instructions.
Semliki Forest virus vector production, infections, and assessment of neuronal survival. cDNAs encoding a dominant-negative form of caspase 8 (dnC8), FLIP L , and IRESeGFP (Clontech) were cloned into a temperature-sensitive Semliki Forest virus (SFV) vector mutant, pS-FV(PD) (Lundstrom et al., 2003) . Linearized vector plasmid and pSFVHelper2 plasmid were in vitro transcribed using SP6 RNA polymerase (GE Healthcare, München, Germany). The resultant vector and helper RNA were coelectroporated into baby hamster kidney (BHK21) packaging cells. Cells were cultured at 31°C for 24 h in 25 cm 2 flasks, and supernatants were collected. Chymotrypsin (200 mg/ml; Sigma-Aldrich) was added to activate viral particles. Inactivation of chymotrypsin was achieved by the addition of aprotinin (0.25 mg/ml; Sigma-Aldrich), and the supernatants were spin-concentrated using a Vivaspin-20 centrifugation device (VivaScience, Hannover, Germany). For titration, near confluent BHK cells were infected with viral particles and incubated for 24 h at 37°C. Titers were determined by counting the total number of GFP-positive cells in one well infected by 1 l of viral suspension. All viral stocks were diluted in culture medium to achieve 70% infection of primary neurons. The effectiveness of infection was assessed by comparing the number of GFP-positive cells to the total cell number per well (40ϫ objective). Cell viability was determined by counting the number of GFP cells that excluded trypan blue per field (40ϫ objective) in 10 different fields per well.
Lentivirus constructs and infection. Lentivirus expressing a specific short hairpin (shRNA) sequence for FLIP (Lenti-shFLIP) or a scrambled sequence [pLenti-shFLIP(scrambled)] was produced using the BLOCK-iT Lentiviral RNAi Expression System according to the manufacturer's instructions (Invitrogen). Titers were determined by infecting primary neurons with serial dilutions of concentrated lentivirus, and the dilution chosen for all infections (1:200) was tested by Western blot analysis for efficient knock-down of FLIP expression.
Permanent ischemia. All experiments were performed on adult male WT, TNFRI KO, and TgNFL-FLIP L mice under chloral hydrate anesthesia (500 mg/kg). Surgical protocols were approved by the local ethics committee and conformed to national legislation. Focal ischemia was induced by pMCAO as reported previously (Welsh et al., 1987; Bernaudin et al., 1999; Valable et al., 2005) . During ischemia, physiological parameters remained in the normal range (body temperature, 37 Ϯ 0.3°C; PaCO 2 , 40.9 Ϯ 4.2 mmHg; PaO 2 , 131.73 Ϯ 3.97 mmHg; pH 7.08 Ϯ 0.08). At 3, 6, and 24 h after occlusion, mice were anesthetized, and brains were removed. Coronal brain sections (20 m) were cut on a cryostat and stained with thionin (Sigma-Aldrich). Total infarct volume (mm 3 ) was calculated after integration of infarcted areas determined on each section using the public domain ImageJ software with the distance (400 m) between each section level analyzed (Valable et al., 2005) .
Western blot analysis. Total protein extracts from nonoccluded cortex (sham-operated animals) and the ischemic cortices (ipsilateral) of representative WT and TNFRI KO mice at various time points after ischemia were prepared by homogenizing the tissues in cold lysis buffer containing 50 mM Tris.HCl, pH 7.4, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 10 mM NaF, 1% Triton-X, and a mixture of inhibitors (1 mM benzamidine, 10 g/ml aprotinin, 1 mM sodium orthovanadate, and 0.2 mM PMSF). Fifty micrograms of total protein extracts were boiled in a buffer containing 6% SDS, 40% glycerol, 125 mM DTT, and 3% bromphenol blue, resolved on 10 -12% polyacrylamide gels under denaturing conditions, and transferred onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) . Primary cortical neuron lysates were prepared in the same lysis buffer, and 30 g of total protein extracts was used for immunoblotting. Nuclear extracts from WT primary cortical neurons were prepared according to previously described methods (Culmsee et al., 2003) with some modifications. In brief, cells were harvested in cold PBS, and washed pellets were resuspended in 50 l of cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, pH 8.0, and 0.1 mM) EGTA supplemented with 0.1% Nonidet P-40, 1 mM dithiothreitol, 0.5 mM PMSF, 10 g/ml aprotinin, 10 g/ml leupeptin, and 1 mM sodium orthovanadate. Pellets were mixed briefly by vortexing and centrifuged at 12,000 rpm at 4°C. The supernatants contained cytoplasmic proteins, and the nuclear pellets were resuspended in 20 l of cold buffer B (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, pH 8.0, and 1 mM EGTA) supplemented with the previously mentioned protein inhibitors. Extracts were then centrifuged, and supernatants corresponding to nuclear proteins were kept for additional analysis. Blots were probed with antibodies against phospho-IBSer32 (1:1000; Cell Signaling Technology, Hitchin, UK), FLIP L/S (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), caspase 8 (1:1000; Santa Cruz Biotechnology), caspase 3 (1:2000; Santa Cruz Biotechnology), GFP (1:3000; Millipore, Eschborn, Germany), mouse TNF (TN3 19-12; 1:500; UCB-Celltech, Slough, UK), mouse TNFRI (1:500; R & D Systems), mouse TNFRII (1:500; clone HM102; HyCult, Uden, The Netherlands), phospho-JNK/stressactivated protein kinase (SAPK; 1:1000; Cell Signaling Technology), phospho-p38 (1:1000; Santa Cruz Biotechnology), phospho-mitogenactivated protein kinase (MAPK; 1:1000; Santa Cruz Biotechnology), p-Akt (1:1000; Cell Signaling Technology), Bcl-2 (1:1000; BD Biosciences, San Jose, CA), Bcl-X-L (1:1000; Cell Signaling Technology), Bad (1:1000; Cell Signaling Technology), and Bax (1:2000; Santa Cruz Biotechnology) at 4°C overnight. Specifically for the detection of caspase 8 active subunits, NuPage 4 -12% Bis-Tris Gradient gels (Invitrogen) were loaded with 50 g of total protein and probed with the anti-caspase 8 antibody, clone 1G12 (1:250; Alexis, Lausen, Switzerland). Secondary antibodies used were horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgGs (1:2000 to 1:5000; Jackson ImmunoResearch, West Grove, PA). Antibody binding was detected using the ECL Plus detection system (GE Healthcare). To normalize for protein content, we stripped and reprobed membranes with anti-␤-tubulin antibody (1:1000; BD Biosciences). Densitometric analysis was performed using Image Quant 5.2 (Storm Scanner 600; Molecular Dynamics, Sunnyvale, CA), and relative band intensities have been determined.
Electrophoretic mobility shift assay. Electrophoretic mobility shift assays (EMSAs) were performed using 50 g of total brain extracts from representative WT and TNFRI KO mice at different time points after pMCAO and 30 g of protein extracts from primary cortical neurons (protein extracts were prepared as described above). Proteins were incubated with an NF-B double-stranded oligonucleotide containing the consensus binding site of the B enhancer (AGT TGA GGG GAC TTT CCC AGG C) that was end-labeled with ␥ATP 32 P, using T4 kinase (Promega) in the following buffer: 10 g/ml BSA, 20 mM HEPES, pH 7.5, 1 mM EDTA, 1% Nonidet P-40, 5% glycerol, 5 mM DTT, and 0.15 mg/ml poly dI-dC. DNA-protein complexes were resolved on 4% native polyacrylamide gels. To determine specificity of the complexes, competition experiments were performed by incubating selected protein extracts with an excess either of unlabeled consensus or of a mutated consensus binding sequence (AGT TGA CCA TGG TAT CCC AGG C) (Schneider et al., 1999) . For supershift experiments, extracts were preincubated for 12 h at 4°C with either an anti-p65 or a p50 antibody (Santa Cruz Biotechnology).
Immunocytochemistry. Immunocytochemistry was performed on paraffin brain sections as described previously (Rossler et al., 1992) . Primary antibodies were as follows: rabbit anti-NF-B p65 (1:100; Cell Signaling Technology), mouse anti-NeuN (1:100; Millipore), anti-Mac3 (1:100; BD Biosciences), and rat anti-human CD3 (1:400; Serotec, Oxford, UK). Antibody binding was visualized by biotinylated secondary antibody followed by horseradish peroxidase-labeled avidin-biotin complex and 3,3-diaminobenzidine tetrahydrochloride. To assess nuclear morphology, all sections were strongly counterstained with hematoxylin. For double-immunofluorescence staining, NeuN and NF-B p65 were incubated together and visualized by anti-mouse Cy3-labeled (red) antibody and a secondary biotinylated anti-rabbit antibody followed by an Alexa 488-labeled avidin (green) antibody (Jackson ImmunoResearch), respectively. FLIP localization in primary cortical neurons was detected on 4% paraformaldehyde fixed neurons with rabbit anti-FLIP L/S (1:500; Santa Cruz Biotechnology) and anti-rabbit Alexa 568 (1:2000; Invitrogen). Preabsorption of anti-FLIP L/S antibody at the optimal staining dilution (1:500) was achieved by preincubation with increasing concentrations of recombinant human FLIP (rhFLIP) protein (R & D Systems) at 4°C overnight.
Caspase 8/caspase 3 activity assays. Protein fractions were isolated from primary cortical neurons and subjected to GD, in the presence of zIETD-FMK (50 M) and after pSFV-IRESeGFP or pSFV-dnC8-IRESeGFP infections. Caspase-3 activity was measured by mixing 10 l of cell lysate (30 -40 g of protein) with 100 l of reaction buffer [10 mM pH 7.4, dimethylammonio]-1-propanesulfonate), 2 mM MgCl 2 , 1 mM dithiothreitol, 5 mM EGTA, and 150 mM NaCl] containing a fluorogenic caspase-3 substrate (Ac-DEVD-AMC; 50 M; Apotech, Epalinges, Switzerland) or caspase-8 (Ac-IETD-AMC; Apotech). The mixture was incubated for 60 min in an enzymelinked immunosorbent assay titer plate, and fluorescence was measured in a Fluoroskan enzyme-linked immunosorbent assay reader (excitation, 355 nm; emission, 460 nm).
Biotin-VAD-FMK caspase precipitation assay. Activated caspase 8 detection was performed using the bVAD-FMK precipitation assay according to previously described protocols with some modifications (Misra et al., 2005; Tu et al., 2006) . Neurons were treated with 30 M z-IETD-FMK (Merck Biosciences) or DMSO for 30 min. To assess the inhibition of caspase 8 attributable to the dnC8, neurons were infected with the pSFVdnC8-IRESeGFP or the control vector pSFV-IRESeGFP for 12 h. Cells were then incubated with 50 M bVAD-FMK (Enzyme Systems Products, Livermore, CA) or DMSO control for 2 h at 37°C before GD. After 6 h of GD, cells were lysed in buffer containing 20 mM Tris.HCl, pH 7.4, 150 mM NaCl, 0.2% NP-40, 2 mM orthovanadate, and 10% glycerol, supplemented with complete protease inhibitor (Roche Diagnostics) and 10 M bVAD-FMK. A total of 600 g was precleared with protein A/G (Santa Cruz Biotechnology) for 2 h at 4°C. Supernatants were then incubated overnight with streptavidin-Sepharose beads (Zymed Laboratories, South San Francisco, CA) at 4°C overnight. Beads were washed five times with lysis buffer without protease inhibitors and boiled in loading buffer. Beads were removed by centrifugation, and immunoblot analysis for active caspase 8 detection was performed on the supernatants.
Statistics. All statistical analyses were performed with SigmaStat 2.0 for Windows (SPSS, Chicago, IL). All data are given as mean Ϯ SEM. To determine significant difference between infarct volumes of WT and TNFRI KO mice at different time points after pMCAO (see Fig. 5A ), one-way ANOVA on ranks followed by Dunn's test was performed for pairwise comparisons because the group sizes were unequal at each time point, and the experiments were performed independently (Bruce et al., 1996) . For WT and TgNFL-FLIP L mice (see Fig. 9F ), Student's t test was used. For comparisons of neuron viability, LDH release, and ATP levels, for which the multiple groups are concurrently analyzed, one-way ANOVA with Bonferroni correction was performed (Cheng et al., 1994) . Similarly, to determine significant decreases in caspase 8 and caspase 3 activity in neurons, the mean values of all groups were analyzed by one-way ANOVA followed by Bonferroni t test. Mac 3-positive cells (see Fig. 5C ) and p65-positive nuclei (see Fig. 6 
Results

Caspase 8 is activated in pMCAO lesions and in cortical neurons after GD
To investigate the function of DR signaling in neurons after ischemic injury, we first analyzed the expression and activity of caspase 8 in pMCAO lesions and in highly enriched primary neuron cultures subjected to established in vitro models of ischemic injury. Procaspase 8 (55 kDa) was constitutively expressed in the cerebral cortex of WT and TNFRI KO mice, and levels were significantly elevated in the TNFRI KO at 3 and 6 h after pMCAO (Fig.  1 A) . The activated 43/41 kDa form of caspase 8 [caspase 8(p43)], which is formed within the DISC (Peter and Krammer, 2003) , and the p18 subunit of active caspase 8 [caspase 8(p18)], were elevated in both strains of mice 3 h and 3 and 6 h, respectively, after pMCAO ( Fig. 1 A) .
To investigate the contribution of neurons to caspase 8 and caspase 3 expression, we isolated cortical neurons from WT and TNFRI KO mice and subjected them to GD or OGD. WT and TNFRI KO neurons constitutively expressed high levels of procaspase 8 (Fig. 1 B) . Shortly after GD (15 and 90 min), the expression of caspase 8(p43) and caspase 8(p18) were also detected (Fig.  1 B) . Activation of caspase 8 after GD was further confirmed by measurement of the proteolytic activity of caspase 8 in WT and TNFRI KO neurons at the same time points (Fig. 1C) .
The active form of the downstream apoptosis effector caspase 3 [caspase 3(p20)] was also detectable in WT and TNFRI KO neurons 20 min after GD and steadily accumulated up to the last time point studied (Fig. 1 D) . Caspase 3 proteolytic activity was and TNFRI KO (n ϭ 3) cortical lysates from nonoccluded animals and in ischemic cortices at 3 h (WT, n ϭ 3; TNFRI KO, n ϭ 3) and 6 h (WT, n ϭ 3; TNFRI KO, n ϭ 3) after occlusion. Values represent the mean densitometry Ϯ SEM and significance. NS, Nonsignificant. B, Caspase 8 expression was assessed at 15 and 90 min after GD induction in WT and TNFRI KO neurons. C, Caspase 8 (IETDase) activity of WT and TNFRI KO neurons 15 and 90 min after GD. Activity counts represent the mean value from duplicate samples Ϯ SEM from one representative experiment of two performed. *p Ͻ 0.001 for comparison of IETDase activity before and after GD. D, Caspase 3(p20) expression in WT and TNFRI KO neurons at 20 min intervals after GD. E, Caspase 3 (DEVDase) activity of WT and TNFRI KO neurons after GD. Activity counts represent the mean value from duplicate samples Ϯ SEM from one representative experiment of two performed. *p Ͻ 0.001 for comparison of DEVDase activity before and after GD. Interestingly, as for caspase 8, detectable levels of caspase 3 activity were found in neurons before deprivation, and the functional significance of this is not known. F, Caspase 8 expression in WT and TNFRI KO neurons at 15 and 90 h after reperfusion following OGD. G, Caspase 3 (p20) expression in WT and TNFRI KO neurons at 6 and 24 h after reperfusion following OGD. For all in vitro experiments, results are representative of three independent experiments. also increased after GD (Fig. 1 E) . In a manner similar to GD, OGD activated the caspase 8 -caspase 3 pathway in WT and TN-FRI KO neurons, as shown by the appearance of caspase 8(p43), caspase 8(p18), and caspase 3(p20) subunits after reoxygenation (Fig. 1 F, G) .
Caspase 8 mediates neuron death after GD
To determine the contribution of caspase 8 to neuron death after GD and OGD, we pretreated WT and TNFRI KO neurons with zIETD-FMK, subjected them to GD or OGD, and measured neuron viability after 24 h. GD resulted in 73 Ϯ 1.9% death of WT and 71.4 Ϯ 2.3% death of TNFRI KO neurons (Fig. 2 A) . Hoechst staining showed that the majority of deprived neurons developed pyknotic nuclei exposing an intense fluorescence staining that are typical of apoptotic cells by 24 h, compared with nondeprived cells, which maintained their smooth and roundshaped nuclei with low fluorescence exposure (Fig. 2 B) . zIETD-FMK potently inhibited death in both WT and TNFRI KO neurons in a dose-dependent manner as measured by trypan blue exclusion (Fig.  2C) . Measurements of LDH release and ATP levels confirmed that zIETD-FMK significantly protected neurons against GD damage (Fig. 2 D, E) . To further measure the effectiveness of inhibition of active caspase 8 formation by zIETD-FMK after GD, we performed a caspase precipitation assay using the biotinylated form of VAD-FMK (bVAD-FMK) with immobilized streptavidin. The bVAD-FMK pull-down has been used to isolate active caspases, including caspase 8, from lysates and other in vitro preparations (Misra et al., 2005; Tu et al., 2006) , and it has been recently demonstrated that bVAD-FMK, if present in a cell during apoptosis induction, binds to the initiator caspases that are activated and halts the process at this point (Tu et al., 2006) . Using this approach, many groups have shown that caspase 8 is active in its full-length form (Dohrman et al., 2005; Misra et al., 2005; Tu et al., 2006) . Similarly, based on this assay, we were able to show that although neurons express constitutively high levels of fulllength caspase 8 (Fig. 2 F, lane 1) , it does not bind bVAD-FMK and is therefore inactive ( Fig. 2 F, lane 3) . After GD, procaspase 8 binds bVAD-FMK in neurons, showing its activation, and this was inhibited by the caspase inhibitor zIETD-FMK (Fig. 2 F, lanes 4 -5) . This correlated with a significant decrease of caspase 3 enzymatic activity in the presence of zIETD-FMK after GD (Fig. 2G) .
OGD resulted in 45 Ϯ 15% death of WT and 43 Ϯ 18% of TNFRI KO neurons (Fig. 3A) , and Hoechst staining confirmed that a proportion of neurons undergo apoptosis 24 h after reperfusion (Fig. 3B) . However, unlike GD conditions, zIETD-FMK was unable to inhibit OGD-induced cell death at any of the concentrations tested (Fig. 3C) . Measurements of LDH release and ATP levels con- Results shown represent the mean ATP levels Ϯ SEM of triplicate samples from two independent experiments. F, Immunoblot for caspase 8 performed on nonprecipitated whole-cell lysates (WCL; lanes 1, 2) and bVAD precipitates (lanes 3, 4) from WT neurons before and 6 h after GD. bVAD precipitates from zIETD-FMK-pretreated neurons (lanes 5) and from pSFV-dnC8-IRESGFP-infected neurons (lanes 6, 7) were also used to assess caspase 8 inhibition. Results are representative of two independent bVAD experiments. pptn, Precipitation. G, Caspase 3 (DEVDase) activity of WT neurons treated with zIETD-FMK. Activity counts represent the mean value from duplicate samples Ϯ SEM from one representative experiment of two performed. *p Ͻ 0.001 for comparisons of DEVDase activity between untreated and treated WT neurons.
firmed that zIETD-FMK did not protect neurons against OGD damage (Fig.  3 D, E) . In addition, Hoechst staining showed that zIETD-FMK was unable to protect neuron morphology (data not shown).
Collectively, these results demonstrate that although caspase 8 is activated in both GD-and OGD-treated neurons, it is a critical mediator for death only in the GD model, indicating that alternative death mechanisms are important in the OGD model. Also, the finding that GD-induced neuron death and caspase 8 activation occur independently of the presence of TN-FRI indicates that they are triggered by other neuronal DRs or intrinsic stress signals.
To confirm the role of caspase 8 in mediating GD-induced neuron apoptosis, we infected WT and TNFRI KO neurons with a Semliki Forest virus (Lundstrom et al., 2003) engineered to express a dominant-negative caspase 8 (pSFV-dnC8-IRESeGFP) carrying an inactivating mutation in the protease domain of murine caspase 8 (C360S). As control, we used the pSFV virus expressing the GFP protein alone (pSFV-IRESeGFP). pSFV-dnC8-IRESeGFP infection of WT neurons resulted in a sevenfold increase in the level of caspase 8 protein by 12 h after infection compared with pSFV-IRESeGFP infection (Fig. 4 A) . Neurons from both strains were infected with pSFV-dnC8-IRESeGFP or pSFV-IRESeGFP and subjected to GD. Neuron viability at 24 h after GD was greatly enhanced by overexpression of the dnC8 (WT, 73 Ϯ 5%; TNFRI KO, 77 Ϯ 3%) compared with overexpression of eGFP alone (WT, 32 Ϯ 10%; TNFRI KO, 38 Ϯ 10%) as measured by trypan blue exclusion (Fig. 4 B) and was comparable with that obtained with zIETD-FMK (Fig. 2 E) . LDH release from pSFV-dnC8-IRESeGFP-infected neurons was significantly decreased compared with cells infected with the control virus 24 h after GD (Fig. 4C) . WT neurons that were infected with pSFV-dnC8-IRESeGFP maintained their normal appearance, with smooth soma and outgrown neurites (Fig. 4 D, right) , in contrast to pSFVIRESeGFP-infected neurons that exhibited swelling and condensation of the soma and neurite fragmentation (Fig. 4 D, left) . To confirm that pSFV-dnC8-IRESeGFP acts by inhibiting caspase 8/caspase 3-mediated neuron death, we measured activation of caspase 8 by Western blot and bVAD-FMK pull-down assay, and caspase 3 activity using the DEVDase activity assay. pSFV-dnC8-IRESeGFP infection of WT and TNFRI KO neurons strongly inhibited caspase 8 activation, as shown by prevention of caspase 8(p18) formation (Fig. 4 E) and by the large depletion of bVAD-FMK-bound procaspase 8 (Fig. 2 F, lanes 5-7) . In addition, caspase 3 activity was effectively inhibited in the pSFV-dnC8-IRESeGFP-infected neurons after GD compared with control vector-infected cells (Fig. 4 F) .
TNF/TNFRI signaling is neuroprotective in pMCAO and GD
To investigate the role of TNFRI in pMCAO, we compared lesion development at different time points in WT and TNFRI KO mice. Lesions were similar in volume 3 and 6 h after occlusion but were significantly larger in TNFRI KO mice (38.32 Ϯ 5 mm 3 ) than in WT mice (16.43 Ϯ 1 mm 3 ) by 24 h (Fig. 5A ). Thionin staining of coronal brain sections showed enlargement of cortical lesions in TNFRI KO compared with WT mice (Fig. 5B) . In contrast to WT mice (n ϭ 5), which show 100% survival after pMCAO, TNFRI KO mice (n ϭ 5) did not survive up to the latest time point studied (72 h). These results show that although the TNFRI cannot prevent the development of the ischemic core, it plays an essential role in limiting infarct progression. The pMCAO model allows the analysis of early ischemic lesions in the absence of reperfusion events and significant immune cell involvement. This was confirmed by the absence of Mac3-positive activated macrophages/microglia in 6 h lesions (Fig. 5C ). Mac3-immunoreactive cells were observed in WT lesions at 24 h but interestingly were present in very low numbers in TNFRI KO lesions, at this time point. CD3
ϩ T-cells were present in very low numbers in all samples (data not shown). To investigate the physiological significance of the observed effects, we looked at the expression of TNF and TNFRI in WT and TNFRI KO cerebral cortex. Constitutive expression of transmembrane TNF (26 kDa) was detectable in both WT and TNFRI KO cortex. Transmembrane TNF was strongly upregulated in WT but not TNFRI KO mice at 3 h after occlusion (Fig. 5D) . TNFRI was constitutively expressed in WT but not TNFRI KO brain and upregulated in WT lesions at 3 h after pMCAO (Fig. 5E ).
To investigate whether TNFRI exerts direct neuroprotective effects in neurons and whether triggering by its ligand can enhance this effect, we pretreated WT and TNFRI KO neurons with increasing concentrations of human TNF, which selectively activates the murine TNFRI (Lewis et al., 1991) and subjected them to GD. TNF significantly enhanced WT but not TNFRI KO neuron survival (Fig. 5F ), decreased LDH release (Fig. 5G) , and maintained ATP levels (Fig. 5H ) in WT neurons at 24 h after GD in a dose-dependent manner. Immunoblot analysis confirmed that WT neurons express TNFRI, whereas WT and TNFRI KO neurons express comparable levels of TNFRII (Fig. 5I ) . We looked at the effect of TNF pretreatment on GD-induced caspase 3 activation. TNF pretreatment enhanced early caspase 3(p20) formation in WT neurons, but levels returned to baseline by 100 min after GD (Fig. 5J ). These data show that TNF signals neuroprotection and suppression of active caspase 3(p20) generation directly through the neuronal TNFRI after GD. In contrast, TNF pretreatment did not improve neuron survival after OGD as shown by LDH release and ATP levels 24 and 4 h, respectively, after reperfusion ( Fig. 5 K, L) .
TNFRI is necessary for NF-B activation in pMCAO lesions and GD-treated neurons
TNF is a strong inducer of neuronal Bdependent transcription, and its neuroprotective effects have been correlated with NF-B activation in neurons (Barger et al., 1995) . To determine whether TN-FRI is necessary for NF-B activation after pMCAO, we assessed the levels of NF-B activity in WT and TNFRI KO cortex by EMSA. Two bands of constitutive NF-B activity were detectable that corresponded to p50/p65 heterodimers (top band) and p50/p50 homodimers (bottom band), as demonstrated by supershift analysis of the complexes with p50 and p65 antibodies and competition experiments with a cold probe (Fig. 6 A) . Specificity of the two bands was further demonstrated by the absence of competition by a mutant oligo (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). NF-B activity was detectable in WT lesions 3 and 6 h after pMCAO (Fig. 6 A) . In contrast, DNA-binding activity was significantly diminished in TNFRI KO lesions after pMCAO (Fig. 6 A) . Accordingly, levels of phosphorylated IB (p-IB) were significantly increased in WT, but not TNFRI KO, lesions 6 h after pMCAO (Fig. 6 B) . Immunocytochemistry of ischemic lesions using an NF-B p65-specific antibody showed the presence of numerous p65-positive cells in WT lesions 24 h after pMCAO, the majority showing neuronal morphology (Fig. 6C,D) . Double immunocytochemistry for NF-B p65 and the neuronal marker NeuN confirmed the neuronal identity of p65-immunoreactive cells (Fig. 6 D) . NF-B p65-immunoreactive cells were significantly reduced in ischemic lesions from TNFRI KO mice (Fig. 6 E) . Collectively, these experiments show that TNFRI is necessary for sustaining neuronal NF-B expression and activity after pMCAO.
To investigate the contribution of neurons to TNF/TNFRI-mediated NF-B activation after ischemic injury, we performed EMSA in WT and TNFRI KO neurons before and after GD, in the presence or absence of TNF (Fig. 6 F) . Both WT and TNFRI KO neurons showed constitutive p50/p50-and p50/p65-binding activities, and these were increased 6 h after GD. Neuronal p50/p50-binding activity was maintained, but p50/p65 activity was selectively depleted, 24 h after GD. Pretreatment with TNF prevented the depletion of p50/p65 activity in WT, but not TNFRI KO, neurons 24 h after GD (Fig.  6 F) . Furthermore, blockade of caspase Figure 5 . TNFRI mediates neuroprotection in pMCAO and GD. A, WT and TNFRI KO mice were subjected to pMCAO, and infarct volume was measured, in three independent experiments, at 3 h (n ϭ 6 WT; n ϭ 6 TNFRI KO), 6 h (n ϭ 8 WT; n ϭ 8 TNFRI KO), and 24 h (n ϭ 8 WT; n ϭ 8 TNFRI KO). Values represent the mean Ϯ SEM. *p Ͻ 0.001 for comparison between WT and TNFRI KO mice 24 h after pMCAO. B, Thionin-stained coronal brain sections from WT and TNFRI KO showing the extent of lesion damage 24 h after pMCAO (outlined). C, Lesion infiltration of WT and TNFRI KO lesions by activated macrophages/microglia 24 h after pMCAO. Numbers represent the mean number of cells from at least six independent fields per sample. *p Ͻ 0.001 for comparison of Mac3-positive cells in 24 h WT and TNFRI KO lesions. D, Transmembrane TNF expression levels in WT (0 h, n ϭ 4; 3 h, n ϭ 4; 6 h, n ϭ 4) and TNFRI KO (0 h, n ϭ 3;3h,n ϭ 3;6h,n ϭ 3) lesions after pMCAO. Values represent the mean densitometry Ϯ SEM and 4 significance. NS, Nonsignificant. E, TNFRI expression was assessed in pMCAO lesions of WT mice (0 h, n ϭ 4; 3 h, n ϭ 4; 6 h, n ϭ 4). To confirm the specificity of the TNFRI antibody, immunoblotting was also performed in TNFRI KO lesions (0 h, n ϭ 3; 3 h, n ϭ 3; 6 h, n ϭ 3), and a WT control was included in the first lane as a positive control. Values represent the mean densitometry Ϯ SEM and significance. NS, Nonsignificant. F, Viability of WT and TNFRI KO neurons pretreated with TNF were measured 24 h after GD. Neuronal survival values represent the mean survival Ϯ SEM of triplicates from two independent experiments. *p Ͻ 0.05 for 1 and 100 ng/ml; **p Ͻ 0.001 for 10 ng/ml TNF-treated neurons compared with untreated cells. hu, Human. G, Neuronal damage quantified by measuring LDH release into the culture medium of WT and TNFRI KO neurons pretreated with different concentrations of TNF 24 h after GD. *p Ͻ 0.05 and **p Ͻ 0.001 for comparison of untreated and TNF-treated WT neurons. Results shown represent the mean LDH release Ϯ SEM of triplicate samples from two independent experiments. H, ATP levels of WT and TNFRI KO neurons pretreated with increasing concentrations of TNF, 4 h after GD. *p Ͻ 0.001 for comparison of untreated and TNF-treated WT neurons. Results shown represent the mean ATP levels Ϯ SEM of triplicate samples from two independent experiments. I, TNFRI and TNFRII expression levels of untreated WT and TNFRI KO neurons. 8-mediated apoptosis in WT neurons by zIETD-FMK also prevented the depletion of p50/p65 activity 24 h after GD (Fig. 6 F) . Our data clearly demonstrate that TNFRI is necessary for the selective maintenance of neuronal p50/p65 NF-B activity during the injury response.
TNFRI signaling can also activate JNK, p38MAPK, MAPK, and Akt (Wajant et al., 2003) . We assessed the levels of the phosphorylated forms of p38MAPK, SAPK/JNK, MAPK/ERK, and Akt in extracts from WT and TNFRI KO mice taken 3 and 6 h after pMCAO. Expression patterns were similar in both strains of mice, and no obvious alterations were observed after ischemia (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
TNFRI is necessary for the upregulation of neuronal FLIP L and FLIP(p43) after GD
To investigate the mechanism by which TNF/TNFRI signaling suppresses GD-induced neuron death, we analyzed the expres- Figure 6 . TNFRI is necessary for sustaining NF-B activity in pMCAO lesions and GD-treated neurons. A, p50/p50 and p50/p65 B binding activity was assessed by EMSA in total extracts from WT (0 h, n ϭ 2; 3 h, n ϭ 4; 6 h, n ϭ 4) and TNFRI KO (0 h, n ϭ 2; 3 h, n ϭ 3; 6 h, n ϭ 3) mice after pMCAO. Values represent the mean densitometry Ϯ SEM and significance. NS, Nonsignificant. Specificity of binding is demonstrated in selected WT extracts (a representative from WT nonoccluded cortex is shown) using an unlabeled oligonucleotide (cold probe) at two different concentrations compared with the labeled probe (20ϫ and 200ϫ) . The specificity of the complexes was further demonstrated using an unlabeled mutant oligo probe (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Composition analysis of the two NF-B complexes was performed using a p50 or a p65 antibody for supershift experiments and an isotype control antibody (IgG) to test the specificity of these antibodies. B, IB phosphorylation was determined in WT (0 h, n ϭ 4; 3 h, n ϭ 4; 6 h, n ϭ 4) and TNFRI KO (0 h, n ϭ 3; 3 h, n ϭ 3; 6 h, n ϭ 3) mice after pMCAO. Values represent the mean densitometry Ϯ SEM and significance. NS, Nonsignificant. C, D, Double-immunofluorescence staining of WT pMCAO lesions 24 h after ischemia demonstrates neuron-specific NF-B p65 activity throughout the cortex (C) and neuronal nuclear translocation of p65 (white arrows showing NeuN/red and p65 NF-B/green-positive cells; D). Scale bars: C, 240 m; D, 75 m. E, p65 NF-B-positive nuclei in WT (n ϭ 4) and TNFRI KO (n ϭ 3) ischemic lesions at 6 and 24 h after pMCAO. *p Ͻ 0.05 for comparisons between WT and TNFRI KO p65-positive nuclei 24 h after pMCAO. F, EMSA was performed in WT and TNFRI KO neurons in the presence or absence of TNF and zIETD-FMK after GD. Representative results from two independent experiments are shown. For supershift experiments, WT and TNFRI KO extracts were preincubated with p65 or an isotype control antibody (IgG) sion of several proteins involved in apoptosis, including the cellular caspase 8 inhibitory protein FLIP. From the proteins studied, the expression of Bcl-2, Bcl-X L , Bad, and Bax was detectable at similar levels in WT and TNFRI KO pMCAO lesions (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). However, differences in the expression of FLIP proteins were detected between the two strains. Both FLIP L (55 kDa) and FLIP(p43), but not FLIP S (26 kDa), were constitutively expressed in WT and TNFRI KO cortex (Fig. 7A ) and at higher levels in KO brain. In WT mice, the expression levels of FLIP L and FLIP(p43) were maintained at 3 and 6 h after ischemia. In contrast, in TNFRI KO mice, the levels of FLIP L remained unchanged, but levels of FLIP(p43) were significantly reduced at 6 h (Fig. 7A) . Immunocytochemical localization of FLIP in WT and TNFRI KO brain slices showed expression mainly in cells with neuronal morphology throughout the cerebral cortex (Fig.  7 B, C) . Interestingly, both cytoplasmic and nuclear localization of FLIP were observed in pMCAO lesions (Fig. 7D-F ) and in primary cortical neurons (Fig. 7G) . This localization was further confirmed in cytoplasmic and nuclear extracts from WT neurons in which a preferential localization of FLIP L in the cytoplasm and FLIP(p43) in the nucleus was observed (Fig. 7H ) . The specificity of the FLIP antibody was determined in preabsorption experiments in which immunostaining by the primary antibody was quenched with increasing concentrations of human recombinant FLIP protein (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material).
Consistent with the data from pMCAO lesions, isolated WT and TNFRI KO neurons constitutively expressed FLIP L and FLIP(p43), but levels were lower in TNFRI KO neurons (Fig. 7I ) . In WT neurons, both forms could also be detected 6 h after GD, and posttranslational modifications of FLIP L were observed. However by 24 h, where significant cell death was measured, there was selective depletion of FLIP(p43). TNF pretreatment of WT neurons sustained the presence of FLIP(p43) at this time point (Fig. 7I ) . In sharp contrast, in TNFRI KO neurons, although levels of FLIP L were increased after GD, it was neither cleaved nor modified, even in the presence of TNF (Fig. 7I ) . These data show that TNFRI is essential for FLIP L expression, modification, and cleavage in neurons after GD and that this process cannot be compensated by other DRs.
Neuronal knock-down of FLIP prevents TNF/TNFRI neuroprotection after GD
To assess the functional contribution of FLIP L to TNF neuroprotection, we knocked down endogenous FLIP L expression in neurons by infecting them with an shFLIP-lentiviral vector (pLenti/ shFLIP). Neurons infected for 48 h expressed markedly reduced levels of FLIP L and FLIP(p43) (Fig. 8 A) . Knock-down of FLIP in WT neurons did not significantly alter their sensitivity to GD death but prevented TNF-mediated neuroprotection as shown by Hoechst staining (Fig. 8 B) and LDH release (Fig. 8C) , demonstrating that FLIP is essential for the TNF/TNFRI neuroprotective signaling mechanism after GD.
Neuronal overexpression of FLIP L is protective after GD and pMCAO
To determine whether FLIP L can function as a neuroprotective protein after ischemic injury, we infected WT and TNFRI KO neurons with a Semliki Forest virus engineered to express FLIP L (pSFV-FLIP L -IRESeGFP) and subjected them to GD. pSFV-FLIP-IRESeGFP infection of WT neurons resulted in a fivefold increase in the level of FLIP L by 12 h after infection, compared with noninfection or pSFV-IRESeGFP infection controls (Fig.  9A) . pSFV-FLIP L -IRESeGFP potently protected neurons from both strains at 24 h after GD compared with overexpression of (p43) is TNF responsive and TNFRI dependent. A, WT (0 h, n ϭ 3; 3 h, n ϭ 3; 6 h, n ϭ 3) and TNFRI KO (0 h, n ϭ 3; 3 h, n ϭ 3; 6 h, n ϭ 3) cortical extracts were used to examine the expression level of FLIP L and FLIP (p43) eGFP alone (Fig. 9B) . Neurons that were infected with pSFV-FLIP-IRESeGFP maintained their normal appearance with smooth soma and outgrown neurites (Fig. 9C, right) , in contrast to control pSFV-IRESeGFP-infected neurons, which exhibited swelling and condensation of the soma and neurite fragmentation (Fig. 9C, left) . These results show that FLIP L overexpression is sufficient to protect neurons in the absence of neuronal TNFRI signaling and further enhances TNFRI-mediated protection in WT neurons, after ischemic injury.
Finally, to determine whether the TNF/TNFRI-FLIP L pathway in neurons contributes to protection after ischemia in vivo, we generated transgenic mice that overexpress FLIP L specifically in neurons under the control of the neurofilament L promoter (TgNFL-FLIP L ). Transgene expression, measured by reverse transcription (RT)-PCR for the marker protein GFP, was detected specifically in the CNS (both brain and spinal cord) and not other tissues (Fig. 9D) , and this was further confirmed by Western blot analysis of GFP and FLIP proteins (Fig. 9E) . TgNFL-FLIP L mice (n ϭ 10) subjected to pMCAO for 24 h had significantly smaller infarcts than littermate controls (n ϭ 9) (WT, 26.8 Ϯ 5 mm 3 ; TgNFL-FLIP L , 18.8 Ϯ 4 mm 3 ) (Fig. 9 F, G) .
Discussion
Members of the DR family such as Fas and TRAIL receptor 2 are expressed by CNS neurons, during development, in which they are thought to be involved in the deletion of surplus neurons and tissue modeling (Raoul et al., 2000) , and in adult, in which they have been associated mainly with neurological dysfunction and neuron loss under pathological situations Demjen et al., 2004; Aktas et al., 2005) . A role for Fas in neurite outgrowth and nerve regeneration in the peripheral nervous system has also been described (Desbarats et al., 2003) . Caspase 8, an apical caspase in DR signaling, has been localized in cortical neurons (Velier et al., 1999) , and caspase 8 activity was detected in brain after pMCAO (Benchoua et al., 2001) . The finding that intracerebroventricular administration of zIETD-FMK limits the development of lesions in a newborn rat hypoxia-ischemia model (Feng et al., 2003) gave the first evidence for a functional role of caspase 8 in ischemia, but there is no data concerning its contribution to the death of neurons. In the present study, we demonstrate that caspase 8 and caspase 3 are activated in CNS after pMCAO and in WT and TNFRI KO cortical neurons subjected to OGD and GD. We also show that caspase 8 activity is necessary for neuronal death after GD. The selective inhibition of active caspase 8 formation by zIETD-FMK peptide, a dominantnegative caspase 8 mutant, or FLIP L was sufficient to protect both WT and TNFRI KO neurons against GD-mediated cell death. It is important to note that zIETD-FMK peptide was unable to inhibit OGD-induced cell death, indicating that the mechanism of neuron death is likely to be different between OGD and GD. Because OGD is considered to closely model in vivo ischemia, whereas GD is a model for hypoglycemia, and because cells like astrocytes might provide glucose to neurons in an in vivo setting, the precise contribution of caspase 8 to neuron death in vivo will remain to be determined by the use, for example, of mice in which caspase 8 has been selectively targeted in neurons. The proinflammatory cytokine TNF and its two receptors, TNFRI and TNFRII, are constitutively expressed by CNS neurons and are inducibly expressed by non-neuronal cells in the brain, such as astrocytes, microglia, and perivascular cells, after injury (Botchkina et al., 1997; Hallenbeck, 2002) . However, the function of the TNF ligand/receptor system in the CNS remains controversial, because both neuroprotective and neurotoxic effects have been described. Intracerebroventricular administration of TNF exacerbated focal ischemic injury in hypertensive rats, apparently through an indirect mechanism involving non-neuronal cells (Barone et al., 1997) , and antibodies to TNF and TNFbinding proteins have demonstrated cytoprotection in various preclinical ischemia models (Dawson et al., 1996; Barone et al., 1997) . A role for TNF in the progression of brain damage is further supported by the finding that lesions in TNF KO mice were reduced in an ischemia-reperfusion model (Martin-Villalba et al., 2001). In general, the deleterious effects of TNF in CNS injury can be associated with its activating effects on glia and its procoagulative effects on the vascular system rather than direct neurotoxicity (Barone et al., 1997; Hallenbeck, 2002) . In fact, other studies have clearly demonstrated that TNF exerts a potent and direct neuroprotective effect that is associated with maintenance of calcium homeostasis (Cheng et al., 1994; Bruce et al., 1996) and decrease of glutamate-induced currents (Furukawa and Mattson, 1998) . In genetic studies, mice deficient in the two TNFRs (Bruce et al., 1996) or TNFRI (Gary et al., 1998) showed exacerbation of neuronal damage after transient MCAO or excitotoxic injury, whereas mice deficient in TNFRII showed increased retinal damage after retinal ischemia-reperfusion (Fontaine et al., 2002; Marchetti et al., 2004) . Furthermore, TNF was found to play a beneficial role in ischemic tolerance (Nawashiro et al., 1997) and in lesion repair after traumatic brain injury (Scherbel et al., 1999) . However, the cellular and molecular mechanisms underlying such neuroprotective effects of the TNF ligand/receptor system in the CNS are only now beginning to be defined.
In this study, we demonstrate that in pMCAO, as in a transient model of ischemia (Gary et al., 1998) , TNFRI is critical for limiting infarct progression and is also necessary for long-term survival of animals. It is possible that the significantly enlarged lesions that are typical of TNFRI KO mice, which extend into the subcortical and striatal regions of the brain, were responsible for the enhanced mortality in these animals. Furthermore, we show that TNFRI localized on cortical neurons directly protects them from caspase 8-dependent death induced by GD. To understand how this receptor exerts neuroprotection, we investigated its major downstream signaling pathways. TNF is known to activate JNK, p38MAPK, Akt, and NF-B signaling pathways (Wajant et al., 2003) . Both JNK and p38MAPK signaling components are expressed in the nervous system under physiological and pathological conditions, in which they have been described to have both protective and damaging effects (Herdegen and Waetzig, 2001 ). In our system, neither the Akt nor JNK or other MAPK pathways were altered by the absence of TNFRI after cerebral ischemia or in neurons after GD (data not shown). However, TNFRI signaling was found to selectively activate and maintain neuronal activity of the antiapoptotic transcription factor NF-B after neuronal injury. In addition to its role in promoting inflammation, one of the primary functions of TNFRI-mediated NF-B activation is cytoprotection through the induced expression of anti-apoptotic proteins (Karin and Lin, 2002) . Constitutive high activity of NF-B in the brain has been associated with electrical activity within neurons and with synaptic signaling and plasticity (Mattson and Camandola, 2001; Meffert et al., 2003) . Blockade of endogenous NF-B activity in cortical neurons through overexpression of an IB super-repressor induced neuronal death (Bhakar et al., 2002) , and forebrain-specific inhibition of NF-B potentiated kainate-induced neurotoxicity (Fridmacher et al., 2003) .
Here, we extend available knowledge by showing that TNFRI is essential for sustaining high levels of p50/p65 NF-B activity in lesions after pMCAO and in isolated cortical neurons after GD. Furthermore, comparison of the expression of several NF-B target proteins involved in apoptosis between TNFRI KO and WT samples revealed a role for TNFRI in the selective upregulation of FLIP L and its p43 DISC-associated cleavage form [FLIP(p43) ] in cortical neurons after GD and in pMCAO lesions. In contrast, an effect of TNFRI on the expression of other apoptosis proteins studied (Bcl-2, Bcl-X L , Bad, and Bax) in pMCAO lesions was not detected. Following our observation that caspase 8 is activated in cortical neurons after GD and OGD and is critical for GD-induced neuronal death, independently of the presence of TNFRI, and given that both FLIP L and FLIP(p43) are selective inhibitors of caspase 8 activation (Krueger et al., 2001) , we hypothesized that one mechanism of TNFRI-mediated neuroprotection after ischemic injury is through neuronal NF-B activation and FLIP L induction. Indeed, the knock-down of endogenous FLIP in WT neurons made them resistant to TNF protective effects. Also by overexpressing FLIP L in neurons of WT and TNFRI KO mice with a viral vector and neurons of transgenic mice, we now show a novel and direct role for FLIP L in neuroprotection after GD and pMCAO, respectively. Thus, FLIP L overexpression enhanced the protection of GD-treated WT neurons, was sufficient to reconstitute neuroprotection in TNFRI KO GD-treated neurons, and significantly limited pM-CAO lesion development in TgNFL-FLIP L transgenic mice. Because FLIP L and FLIP(p43) block caspase 8 apoptosis by preventing additional caspase 8 recruitment to the DISC and can also induce NF-B activation (Tschopp et al., 1998; Peter and Krammer, 2003; Kataoka and Tschopp, 2004) , it is possible that FLIP L can act in a positive-feedback survival loop whereby caspasedependent processing of FLIP L to FLIP(p43) further enhances NF-B activation and FLIP L production. Also, sustained TNFRI-NFB signaling might be able to maintain high levels of neuronal FLIP L expression by protecting it from JNK-mediated ubiquitination and proteasome degradation (Chang et al., 2006) . Our results do not exclude the possibility that non-neuronal cells of the CNS or additional TNFRI targets such as Mn-SOD (manganese superoxide dismutase) (Bruce et al., 1996) , calbindin-D 28k (Cheng et al., 1994) , Bcl-2 and Bcl-X (Tamatani et al., 1999) , and NF-B-induced survival factors such as erythropoietin (Figueroa et al., 2002 ) also contribute to TNFRI-mediated neuroprotection.
The present findings give significant insight into an essential role for TNF/TNFRI signaling in CNS neuroprotection, revealing a major physiological function of this cytokine in tissue protection after injury that is independent of its proinflammatory effects and providing a possible explanation for the failure of clinical trials using systemic TNF blocking agents in multiple sclerosis patients (The Lenercept Multiple Sclerosis Study Group and The University of British Columbia MS/MRI Analysis Group, 1999). Our results indicate that targeting of neuronal TNFRI signaling pathways may represent a valuable approach for enhancing neuron survival after CNS injury.
